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ABSTRACT

Recently, a new Industrial Revolution has been conceptualized, this is coined with
the term “Industry 5.0 In fact, the rapid development of information and operatio-
nal technologies enabled the creation of a new human-centric industrial paradigm. In
this paper, we collect the necessities to go beyond Industry 4.0, the key technologies
enabling Industry 5.0, its concepts, goals and provide an Industry 5.0 map that links
all these concepts together. The provided map can be used by practitioners to have
a clear vision of Industry 5.0 and to take into account all its objectives, enabling tech-
nologies and Industry 4.0 gaps while applying it. The researchers also present further
research agenda and roadmap for the development of Industry 5.0.
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INTRODUCTION

The first Industrial Revolution that humanity has experienced started back
in the 1780’ and its related to the production of power from steam, water
and fossil fuels (Popkova et al., 2019). While Industry 2.0 took place in the
1870’s with two concepts at its fundamentals: electrical power and assembly
line production (Huberman et al., 2017). The third Industrial Revolution
exploited the concept of partial automation in the 1970’s with the help of
electronics and Information Technology (IT). Industry 4.0 developed from
2010’s and was conceptualized by the seminar report of the seminal report
of the Industry 4.0 working group sponsored by the German Federal Ministry
of Education and Research (Kagermann et al., 2013). The goals of Industry
4.0 are to achieve a higher level of operational efficiency and productivity,
as well as a higher level of automation while maximizing productivity and
achieve mass production using emerging technologies creating the concept of
smart manufacturing (Vogel-Heuser & Hess, 2016). In fact, manufacturers
are subject to an ever-changing market demand and competing in such an
environment is challenging.
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Some of the main objectives of Industry 4.0 are (Shafiq et al., 2016):

« Provide IT-enabled mass customization of manufactured products.

« Make automatic and flexible adaptation of the production chain.

« Track parts and products.

. Facilitating communication among parts products, and machines.

« Application of human-machine interaction (HMI)

« Achieving IoT-enabled production optimization in smart factories.

. Providing new types of services and business models of interaction in the
value chain.

These objectives are pursued exploiting the key enabling technologies of
Industry 4.0 (Roblek et al., 2016):

« Cloud computing.
« Mobile computing.

. Big data.
. IoT.
. CFS.

. Additive Manufacturing.

For a full review on the theme of Industry 4.0 we suggest the survey of
Lu (Lu, 2017). In this paper, the researchers intend to give an overview of
key enabling technologies and concepts beyond the last industrial revolution
named Industry 5.0. For the scope we will start by investigating the main
reason and needs why Industry 5.0 took place than we will describe the main
technologies that support the revolutions as well as its objective. Lastly, we
will propose a map for Industry 5.0 that link its concepts, technologies and
objectives as well as some suggestions for its development.

BEYOND INDUSTRY 4.0

After investigating the literature, three necessities go beyond Industry 4.0.
The first one is related to the co-working of human and machine called
“human robot co-working”, the second is about resilience and the last one
regards sustainability (Demir, Doven, et al., 2019). These points converge in
trying to equilibrate the relation between machines and humans in contrast
with Industry 4.0 where machines were the principal focus trying to minimize
human work in the so called “machine-centered” or full-automation princi-
ple (Coronado et al., 2022). First point describes the lack of consideration
in Industry 4.0 about human even if it was related to using smart devices
and connected machine. In fact, the optimization of processes under Indu-
stry 4.0 often ignores the human cost related to the process optimization.
In this light Industry 5.0 bring back workers to factory floors trying to mix
machines accuracy with human creativity with the main goals of increasing
process efficiency (Nahavandi, 2019). If Industry 4.0 was about full automa-
tion Industry 5.0 is about the synergy of humans and automated machines
(Alves et al., 2023). The second necessity to go beyond Industry 4.0 is concer-
ned with resilience. Resilience in terms of Industry is described as the capacity
of a firm to adapt to, be alert to, and quickly respond to changes related to
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supply chain disruption (Vanany et al., 2021) (Ambulkar et al., 2015). These
are features not necessarily included in Industry 4.0 where technologies were
created to be intelligent but not flexible or adaptable (X. Xu et al., 2021).
This lack of flexibility and adaptability emerged in particular under the Covid
19 disruption where companies were forced to change their business model
in a short time (e.g. food industries forced to follow new guidelines of the
Food and Agriculture Organization (FAO) and World Health Organization
(WHO) (WHO, 2020) resulting in high financial losses for those company
who were not able to be sufficiently resilient (Yu et al., 2022). The last point
to go beyond Industry 4.0 is the environmental sustainability (Kasinathan
et al., 2022). In fact, even if Industry 4.0 improves indirectly some aspects
of environmental sustainability by increasing process efficiency and reducing
emissions (Ching et al., 2022) it remains focused on the profit-centricity eco-
nomic models. While Industry 5.0 is expected to be a transformative model
build on Industry 4.0 technologies, experience and on Covid 19 disruption
which value is a sustainable development and aims to create a hyper con-
nected and data driven industrial ecosystem (Javaid et al., 2020). Under the
sustainable view we find the concept of bio-economy (Demir, Turan, et al.,
2019) that was formalized by the European Commission in (European Com-
mission, 2018) and regards the production of renewable biological resources
and the conversion of these resources and waste streams into value-added
products (Demir, Déven, et al., 2019). Those three pillars - Human-centered,
Resilience and Sustainability — are considered in literature as the key elements
to establish Industry 5.0 (Ivanov, 2022) which helps propose discussions
about continuing industries’ development. In addition these three pillars are
being considered now as a next step not only for the Industry but also for the
society development in what has been called Society 5.0 (Leng et al., 2022).
Society 5.0 is a Japanese definition and can be described as a proposal that
considers all technologies’ progress through Industry 4.0 to get a wellbeing
to human life (De Felice et al., 2021).

TECHNOLOGIES AND CONCEPTS FOR INDUSTRY 5.0

In a seminal report of European Commission coming from a workshop with
technology leaders in EU six different technology concepts were identified
(Miiller, 2020):

Human-centric solutions and human-machine-interaction.
Bio-inspired technologies and smart materials.

Real time-based digital twins and simulation.

Cyber safe data transmission, storage, and analysis technologies.
Artificial Intelligence (AlI).

Technologies for energy efficiency and trustworthy autonomy.

A e

The first concept illustrates all the technologies in order to individualize the
interaction between humans and machines trying to combine human innova-
tion with machine efficiency (Adel, 2022). Among these technologies we can

find:
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« Human intention recognition as well as gesture and speech recognition.
These technologies are needed to create an interconnected system made
of humans and machines. There are already Artificial Intelligence model
trained to recognize humans gesture based on sensors input as done with
RGB, RGB-D and skeleton data (Coruzzolo et al., 2022) but also intention
as done in (Li et al., 2020) or with ECG as reviewed in (Bi et al., 2019).

. Collaborative (Cobots) and assistive robots designed to support humans’
activity. There are already applications for both Cobots related to indu-
strial activity reviewed in (Javaid et al., 2022) and Cobots designed for
Social Assistive Robotics (Ghita et al., 2020).

« Virtual or augmented reality to enhance the interaction between humans
and machine but also with educational purposes (Rojas-Sanchez et al.,
2022) and medical ones (Z. Liu et al., 2022).

. Technologies that enhance the human physical capabilities as exoskeleton
(Proud et al., 2020).

. Technologies that enhance the human cognitive capabilities as decision
support system based on Al (Sgarbossa et al., 2021) (Lolli et al., 2022).

The second concept is more related to technological features that can be
integrated into existing technologies or products such as: production of raw
materials from waste (Costa & Ribeiro, 2020), biosensors (Karimi-Maleh
et al.,, 2021) and adaptive ergonomics (Kim et al., 2019). While the third
concept comprehend all the technologies that enhance the creation of a digital
twin of the various production processes present to optimize production, tests
new production processes or products in a digital way e to leverage the risk
involved in the operations. Some technologies for the scope are:

. Simulations based methods to create the Digital Twin: Discrete Event
Simulation (DES) and/or Agent-Based Simulation (ABS) (dos Santos et al.,
2021).

« Multi scale dynamic modelling (Quaranta et al., 2020).

. Intelligent maintenance systems embedded with predictive/proactive/pre-
ventive maintenance strategies and coupled with fast on site production
methods such as 3D printing (Lolli et al., 2022).

The fourth concept is related to data and all the other concepts rely on this.
In fact, under Industry 5.0 Big Data needs to be stored efficiently with a high
cybersecurity that has to be scalable and guaranteeing the data interopera-
bility (Miller, 2020). This fourth concept has been termed by some authors
in Big Data and characterized by customizations and forecast possibilities
(Leng et al., 2022), Blockchain characterized by its decentralization and tran-
sparency management and Edge Computing characterized by its security and
interoperability (Maddikunta et al., 2022). The fifth concept is related to Al
In fact, even if Al was also an enabling technology of Industry 4.0 in this
revolution has to take a human centric perspective to overcome some of its
actual limitations. Some of these empowerments include:

. Person centric Al: development of models that seek the human mach-
ine synergies by considering humans-in-the-loop of the learning process
(Rozanec et al., 2022).
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. Informed machine learning: development of models that comprehend in
the learning process some a priori knowledge that can come from physics
(M. Liu et al., 2020) or from experts judgment (Vonrueden et al., 2019).

. Secure and energy efficient Al

The sixth concept is the energy efficiency since all the mentioned techno-
logies need a large amount of energy to operate. In this light in order to reach
an emission neutrality some of the possible strategies include:

. High integration of renewable energy.

. Hydrogen as a clean source of energy (Abe et al., 2019).

. Power-to-X technologies: able to convert a renewable energy source into
an energy source that can be readily stored e.g. Hydrogen (Hermesmann
et al., 2021).

. Low energy data transmission and storage.

Besides these six options, zero-defect manufacturing, Metaverse, Hologra-
phy, 6G and Internet of Everything has been proposed as options to enable
Industry 5.0.

Goals of Industry 5.0

In this brief section, we want to summarize the main goals of Industry 5.0
that obviously are strictly related to its three pillars already discussed. In
fact, those three key elements - human-centered, sustainability and resilience
- aligned with community necessities can be treated as the main objectives of
Industry 5.0 Huang discussed about these three goals in Industry 5.0 inclu-
ding society necessities, clarifying that the human centered objective is about
providing well-being to communities through technologies (Huang et al.,
2022). Following this objective, the technologies previously reviewed have to
be not only smart, but Super Smart and very resilient being capable of a per-
sonal customization, of individualizing according to specific necessity (Leng
et al., 2022) and able to be adjustable to adversities, optimizing the process
and saving time and resources. Finally, the last objective is described as tur-
ning into a Lean Society/Industry, promoting sustainability. This last topic
appears mandatory mainly because of United Nations Sustainable Develo-
pment Goals to 2030 and it is an opportunity to achieve, trough cooperation
between industry and society a commitment to being more responsible with
world resources. Finally, pursuing these three goals and combining them, can
help to convert Industry 4.0 technologic focused into a space where organi-
zations, Managers, Technologies and Performances can be improved (Ivanov,

2022).

MAP OF INDUSTRY 5.0

Considering the above-mentioned goals, Industry 4.0 is still missing the ena-
bling technologies proposals, a map of Industry 5.0 is presented in Figure 1.
To stablish Industry 5.0 three objectives were presented here in yellow: resi-
lience, sustainability and human centered. Each objective intends to fulfill
Industry 4.0 gaps bringing it owns characteristics and worries, showed in
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Figure 1: Industry 5.0 map.

brown and connected by arrows. Therefore, proposing flexibility and ada-
ptability helps to compound Industry 5.0 through resilience. The same way,
human cognition and creativity helps enhance the human centered Industry
5.0 and finally considers the use of resources, its consequences and wor-
ries about human health will provide sustainability, covering and completing
Industry 5.0 main vision. These hiatuses presented above can be overcoming
trough technologies, presented in blue. Even there are six main technolo-
gies described in the text - Biotechnology, energy, digital twin, data, Al and
Cobots - here another were added: zero defect manufacturing, Holography,
6G, Metaverse, and Internet of Everything and data branches - which are
indicated by arrows. To present these enabling technologies, no one can be
related to a goal, mainly because all of them can help in all objectives. So
that, each one is disposed by its similarity as, for example, cobots are more
related to human centered or biotechnologies are closer to sustainability.
The presented map shown in Figure 1 help practitioners develop a clear
vision of Industry 5.0 and to take into account all its objectives, enabling
technologies and Industry 4.0 gaps while applying it. In fact, even if the
concept of Industry 5.0 is new, some research has been presented following
the main points described in the presented map. For example, (Battini et al.,
2022) propose an Industry 5.0 research for the ergonomic risks illustrating
the necessity of all goals in an experiment for the job tasks as assembly and
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packaging submitted at different vibrations, sounds or automatic machines.
During this research, authors discovered that allying humans’ necessities and
personalizing data based on its characteristics, like age, gender or experie-
nce, results in workers more resilient to the tasks and environments more
sustainable and health.

CONCLUSION

In this paper we presented a review of concepts and key enabling techno-
logies of Industry 5.0. We started with the reason behind this revolution by
assessing the necessities to go beyond Industry 4.0. Then we identify the main
technologies that support Industry 5.0, their main concepts and features as
well as Industry 5.0 main goals. We summarize all of these findings in a map
of Industry 5.0 that provide a clear vision of this revolution to practitioners
to follow in their application of Industry 5.0 in order to account for all its
objectives, technologies and motivation, as we demonstrate with an example
from literature. In addition, being Industry 5.0, a new concept is important to
spread it and this one of the scopes of this paper. Further research agenda in
this direction include specific sector of applications framework as the general
one proposed by (Ivanov, 2022) but specified in order to give sector specific
guidelines for application of Industry 5.0 and field-based suggestions.
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